INTRODUCTION
Human papillomavirus (HPV) testing as a test of cure (TOC) of treatment of cervical intraepithelial neoplasia (CIN) is based on significant evidence of improved sensitivity for the detection of residual/ recurrent disease (85-97%) according to the recent meta-analysis of Arbyn and colleagues. 1 HPV testing also confers a higher negative predictive value compared to cytology resulting in less protracted follow-up. According to Kocken and colleagues, 2 one HPV negative test at 6 months post-treatment was associated with a 10-year risk of CIN3+ of 2.1%, and if performed as a cotest with cytology, this risk reduced to 1.4% if both were negative.
It is vitally important that any HPV assay which influences patient management is validated for clinical use. Satisfying the non-inferiority criteria of Meijer et al 3 has been the method of clinical validation for several assays, yet these criteria were designed, a priori, to assess the performance of HPV tests for screening of women over 30 years of age. The extent of infection and associated disease will vary according to clinical context, as will the priority for performance in terms of sensitivity and specificity. Given the increasing choice of available HPV assays, 4 the question of which HPV test is optimal for a TOC setting remains outstanding, as most multiplatform, or head-to-head studies have been performed in triage or colposcopy referral populations. 5 6 To address this, we undertook a performance evaluation of commercial HPV assays in the posttreatment setting. The main objectives were to compare the technical and clinical performance of five HPV consensus assays, the digene HC2 (Qiagen NV, Venlo, The Netherlands), Abbott RealTime High risk (HR)-HPV (Abbott Molecular, Des Plaines, Illinois, USA), cobas 4800 HPV (Roche Molecular Diagnostics, Pleasanton, California, USA APTIMA HPV assay (formerly GenProbe, San Diego, California, USA, now Hologic) and Cervista HPV HR (Hologic, Bedford, Massachusetts, USA).
MATERIALS AND METHODS Sample set and algorithm
TOC is currently performed as part of the National Cervical Screening Programme in Scotland. 7 This study used samples collected during the early implementation phase (2011-2012; figure 1), when women were sampled in primary care for HPV testing and cytology at two follow-up visits approximately 6 and 12 months after treatment. Identification of these women and their clinical outcomes was possible using the web-based national cervical screening management system, Scottish Cervical Call and Recall System (SCCRS). HPV positivity and/or cytology of mild dyskaryosis, or worse, at either follow-up visit led to colposcopic referral. For this evaluation, all five assays were performed on the 6-month sample and Hybrid Capture 2 (HC2) at a cut-off of 1 RLU/CO was the standard of care. Women who were referred back to colposcopy had biopsies taken only if clinically indicated. Histology results from these biopsies were entered into SCCRS and were made available for the study following permission from each centre.
Samples were tested retrospectively by the other four HPV assays, so non-HC2 results did not influence clinical management. Clinical performance was judged on cumulative incidence of CIN2+ or worse during the follow-up period (on average, 13.2 months with a range of 7.2-19.8 months). A total of 1020 first (6-month) samples which gave valid results with all five HPV tests were available.
HPV testing
Automated platforms for additional HPV screening tests were available either within the Directorate of Laboratory Medicine, Royal Infirmary of Edinburgh, or the HPV Research Group, Division of Pathology, University of Edinburgh. In addition to the HC2 which was performed using the manual procedure, the other assays assessed were the RealTime HR-HPV assay (Abbott), the Aptima HPV test (Hologic), the Cervista HPV Test (Hologic) and the cobas 4800 HPV test (Roche), all used according to the manufacturers' instructions. For HC2, an RLU/ cut-off of 1.0 was used for referral to colposcopy. For the purpose of this study, results were analysed at a cut-off of 1.0 and 2.0, as the latter cut-off has been suggested to enhance specificity 8 and is used in England for HPV triage and TOC.
Statistical analyses
Prevalence of HPV in the 6-month post-treatment sample was assessed for all assays with 95% CIs and compared to the prevalence of cytological abnormality at a threshold of mild dyskaryosis or worse. The number of discordant samples according to HPV assay was also quantified and compared, as was the number of infections identified by a single assay only. Clinical performance was measured as sensitivity, specificity, negative predictive value (NPV) and positive predictive value (PPV) for the cumulative detection of CIN2+ over the follow-up period. Given that not all women were referred to colposcopy, clinical performance was also measured according to concurrent cytology at 6 months with disease, considered to be a cytological result of moderate dyskaryosis or worse.
Proportional agreement and McNemar test were performed for each test relative to histology (CIN2+) and cytology separately. Additionally, HPV 16 and/or 18 status (cobas and rtHPV assays only) was correlated with histology outcomes.
RESULTS
Prevalence of HPV at 6 months according to assay and discordance One thousand and twenty samples were available for analysis. HPV positivity ranged from 18% to 27% depending on assay (figure 2). Using HC2 at a cut-off of one RLU/CO as the analytical standard for comparison, statistically significant differences between the assays were observed, with the Aptima HPV (AHPV) having fewer positives ( p<0.0001) and the COBAS and Cervista assays having a greater number of positives (p=0.0001 and p=0.0009, respectively). No significant difference in positivity between the rtHPV and the HC2 was observed at a cut-off of 1 ( p=0.2008). At a cut-off of 2, HC2 had significantly fewer positives (p<0.0001) compared to all assays, with the exception of AHPV ( p=0.00304).
Perfect agreement (concordance of all 5 assays) was found in 753 (74%) samples, with 136 and 617 samples positive and negative for all five tests, respectively. The number of singleton positives (ie, where a positive test was generated by 1 assay only) ranged from 4 for AHPV; 11 for rtHPV; 11 for HC2; 28 for cobas and 80 for Cervista. At a cut-off of two RLU/CO, 
HPV positivity relative to underlying cytology
Of the 1020 samples, 902 (88.4%) were cytologically negative, 53 (5.2%) were classed as having borderline squamous abnormalities, 32 (3.1%) showed mild dyskaryosis, and 33 (3.2%) showed moderate dyskaryosis or worse. As expected, the number of cytological abnormalities was lower than the number of HPV infections. Follow-up histology revealed that of the 33 with high-grade cytological abnormalities, 16 were associated with CIN2+, 10 were associated with CIN1, three had a negative biopsy and four had no biopsy/treatment. Table 1 shows HPV prevalence according to cytology grade stratified into the following categories (Negative or borderline; Mild; Moderate/ Severe). Positivity according to assay, within the negative or borderline category, was wide (13.6%-23.4%). More consistency was observed in the smaller mild and moderate/severe groups, (78.8% and 84.8%, respectively) reflecting a difference between 26 and 28 infections only.
Clinical performance relative to cytology
During follow-up, 33 women had cytology which was moderate or worse (21 cases of moderate dyskaryosis, 11 cases of severe dyskaryosis and 1 case of glandular abnormality). Sensitivity for detecting moderate dyskaryosis or worse ranged from 79% (61, 91) for two of the assays (HC2 at a cut-off of 2 and Cervista) to 85% for COBAS, Aptima, rtHPV and HC2 at a cut-off of 1, reflecting seven and five 'missed' cases, respectively. Table 2 shows clinical performance parameters according to high-grade cytology. For all HPV assays, McNemars test confirmed differences in the distribution of discordant results between HPV and cytology.
Clinical performance of HPV tests and cytology relative to histology
In the total cohort of 1020 women, 23 had residual CIN2+ at any time during the follow-up period, of which 14 were CIN3+ including one cancer. At manufacturers' cut-off, all tests were over 90% sensitive for the detection of CIN2+, with three HPV assays detecting all CIN2+ (HC2, rtHPV and COBAS; table 3). The Cervista and AHPV assays were negative for one and two cases of CIN2, respectively. Assay performance relative to CIN2 and CIN3 was not performed separately given the relatively small numbers of disease cases. Using a threshold of mild dyskaryosis which would have triggered a referral to colposcopy independently of the HPV result, cytology did not detect four cases of CIN2, whereas with a threshold of borderline, this reduced to three cases. No HPV assay, nor cytology (at ≥mild) missed any case of CIN3. Although sensitivity was high, the PPV for CIN2+ of all HPV assays was relatively low and ranged from 8% to 12% depending on assay.
Detailed assessment of residual/recurrent disease (CIN2+) Table 4 provides details on all 23 cases of CIN2+ detected in this population, annotated according to HPV status and cytology. Of the 14 cases of CIN3+, 11 were positive for HPV 16 by either or both the rtHPV and the COBAS. The two cases of CIN2 that were negative for at least one HPV test were associated with 'other' HPV types, and had negative cytology.
Clinical performance of HPV 16/18 testing HPV 16 and/or 18 infection could be assessed with the rtHPV and COBAS assays. COBAS and rtHPV detected 98 and 85 infections, respectively, in the whole population of 1020 samples. The sensitivity of HPV 16 and/or 18 detection (excluding other types) for identification of CIN2+ was 61% (39 to 80) and 65% (43 to 84) for the rtHPV and COBAS, respectively. The specificity was over 90% for both assays (93% (91 to 94) for rtHPV and 92% (90 to 93) for COBAS) with PPVs of 16.5 (9.6 to 26.4) and 15.3 (9.1 to 24.3), respectively.
DISCUSSION
The meta analyses of Arbyn and colleagues 1 9 provided evidence to show that after treatment of CIN, HPV testing detected residual and recurrent high-grade CIN more quickly, with higher sensitivity than follow-up cytology. Additionally, the systematic review by Chan et al 10 showed that in a post-treatment population, more than 90% of residual CIN2 was detected by HPV testing compared with 76% for cytology. Although these analyses have incorporated large datasets, the conclusions are drawn largely on the performance of the HC2 assay and this is one of the first studies to assess the comparative performance of several HPV assays within the context of a TOC service.
We acknowledge certain limitations to the study. First, HC2 is advantaged, in that this was the only assay used for colposcopic referral, and it is feasible that some of the 'HC2 negative/other test positive' were associated with underlying CIN2+. Second, we assumed that there was no disease in cases that were HPV negative/cytology negative, and we did not account for verification bias nor take blind biopsies. Furthermore, the number of residual disease cases (23) which were used to judge clinical performance was relatively low. Finally, follow-up relates to a relatively short period (average 13.2 months) and it will be important to review the data at a later time point. Conversely, an advantage of the study is that it represents a real-life population undergoing TOC as part of a routine programme, and provides data on comparative test performance in an underresearched setting.
In Scotland, all women are tested with HPV and cytology at 6 months concurrently, and the cytology status is not known at the time of the HPV test. This enables us to assess how HPV testing would perform as a stand-alone test. Prevalence of HPV at 6 months post-treatment varied according to assay, and it is notable that when considering the assays associated with the lowest and the highest prevalence, colposcopy referrals would differ by ∼50%. The AHPV showed a significantly lower prevalence compared to all other assays at manufacturer's cut-off, other than when HC2 cut-off of two was assessed. The observation that the AHPV assay showed the highest specificity reconciles with other multitest comparisons in triage and primary screening contexts such as the Predictors 2 and 3 studies. 1 5 6 The particularly high number of singleton positives with the Cervista assay gives cause for concern. These were largely attributable to samples with normal cytology where each of the three HPV channels gives a reading just above cut-off. We believe a reassessment of cut-off is warranted, and a manuscript to this effect is in preparation. As women treated for CIN2+ are at greater risk of developing high-grade lesions for at least 10 years and possibly up to 20 years after treatment, 11 12 the priority for clinical performance is sensitivity, and it is reassuring that all assays were 100% sensitive for the detection of residual CIN3+ at the 6-month follow-up visit. Small differences were observed at the level of CIN2+, with the Cervista assay missing one case of CIN2+ and the AHPV assay missing two cases. The HC2 at a cut-off of two RLU/CO, as used in England, 13 14 also missed one of the cases of CIN2 which was also negative by AHPV. These differences did not translate into a statistically significant difference in sensitivity between assays. Post-treatment cytology at a threshold of mild had a higher PPV than any of the HPV tests, but would have missed the greatest number of CIN2 cases in this series (n=4).
We acknowledge that in other TOC settings, cytology is performed in advance of a HPV test, and women with ≥moderate dyskaryosis would be referred to colposcopy directly. We therefore stratified the data to assess the performance of HPV assays by cytology category. The range of assay positivity was largest in the normal and borderline group, and ranged from 13.6% to 23.4%, compared to 75-81.2% and 78. .5% in the mild and moderate or severe categories, respectively (see online supplementary data showing detailed results stratified for normal and borderline; normal, borderline and mild; and moderate and severe categories). As described above, HPV testing detected four additional cases of CIN2 (3 associated with negative cytology, 1 with borderline cytology). Although no case of CIN3 was missed by cytology at mild dyskaryosis or worse, a missed CIN2 in the TOC population may arguably have more clinical significance than a CIN2 missed in a primary screening context.
Based on these data, it is therefore challenging to determine the added value of the cytology cotest at 6 months posttreatment, and this aligns with the conclusions of Arbyn et al. However, although the sensitivity of HPV testing is confirmed by this project, the specificity and PPV for CIN2+ was low for all tests, and consistently lower than cytology. Striking a balance between optimal sensitivity and unnecessary referrals is challenging and enhanced tools which aid risk stratification of clinically significant HPV positives would be welcome. While typing for HPV 16/18 appeared to confer greater specificity compared to consensus detection, the sensitivity of this approach at 61-65% would be unacceptable.
In addition to clinical performance, choice of test may also be influenced by cost, physical space requirements, liquid handling capability, existence of managed equipment contracts and throughput in addition to differences in conventional comparators such as sensitivity and specificity. Long-term follow up and associated linkage to pathology records will demonstrate over time where the balance in terms of colposcopy referrals should rest. The relevance of HPV positivity in the absence of cytological abnormalities also requires longer follow-up to determine whether additional tools for risk stratification are required in a post-treatment context.
Take home messages
▸ Positivity ranged between 18% and 27% in five widely used commercial human papillomavirus (HPV) tests in the context of post-treatment follow-up. ▸ Extrapolation of these results in a national programme would result in considerable variation in referrals to colposcopy, depending on assay used. ▸ All cases of CIN3+ within 13 months post-treatment were detected at 6 months by all five HPV tests. ▸ A sensitive HPV assay could be considered as a stand-alone test in the post-treatment setting to detect residual disease.
